Spinal motoneurons (MNs) in the chick embryo undergo programmed cell death coincident with the establishment of nervemuscle connections and the onset of synaptic transmission at the neuromuscular junction. Chronic treatment of embryos during this period with nicotinic acetylcholine receptor (nAChR)-blocking agents [e.g., curare or ␣-bungarotoxin (␣-BTX)] prevents the death of MNs. Although this rescue effect has been attributed previously to a peripheral site of action of the nAChRblocking agents at the neuromuscular junction (NMJ), because nAChRs are expressed in both muscle and spinal cord, it has been suggested that the rescue effect may, in fact, be mediated by a direct central action of nAChR antagonists. By using a variety of different nAChR-blocking agents that target specific muscle or neuronal nAChR subunits, we find that only those agents that act on muscle-type receptors block neuromuscular activity and rescue MNs. However, paralytic, muscular dysgenic mutant chick embryos also exhibit significant increases in MN survival that can be further enhanced by treatment with curare or ␣-BTX, suggesting that muscle paralysis may not be the sole factor involved in MN survival. Taken together, the data presented here support the argument that, in vivo, nAChR antagonists promote the survival of spinal MNs primarily by acting peripherally at the NMJ to inhibit synaptic transmission and reduce or block muscle activity. Although a central action of these agents involving direct perturbations of MN activity may also play a contributory role, further studies are needed to determine more precisely the relative roles of central versus peripheral sites of action in MN rescue.
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During discrete stages of development, approximately one-half of all postmitotic motoneurons (MNs) degenerate by a pathway most closely resembling apoptosis (Hamburger, 1975; Chu-Wang and Oppenheim, 1978; Oppenheim, 1991) . Before programmed cell death (PCD), MNs differentiate normally and establish provisional synaptic contacts with their peripheral muscle targets Oppenheim and Chu-Wang, 1983; Landmesser, 1988, 1991) . Competition for trophic factors is one of the major strategies used by developing MNs for determining which cells survive and which cells undergo PCD (Dohrmann et al., 1986; Oppenheim et al., 1988 Oppenheim et al., , 1993 Bloch-Gallego et al., 1991; Oppenheim, 1996) .
In the chick embryo, the period of MN PCD coincides with the onset of muscle innervation and neuromuscular function when neurally mediated embryonic movements (motility) can first be observed (Oppenheim, 1987) . Activity blockade during the period of normal MN death rescues most MNs from PCD, and the rescued cells can be maintained as long as activity remains blocked Oppenheim, 1978, 1979) . However, after treatment is stopped and activity recovers, the rescued cells undergo a delayed cell death (also see Landmesser and Szente, 1986) . In contrast to effects of activity blockade, direct electrical stimulation of the hindlimb muscles in ovo increases MN death (Oppenheim and Nunéz, 1982) .
After the report of the rescue of MNs by activity blockade, further analysis revealed that there were increased numbers of axons and synapses in the limb muscles of the activity-blocked embryos (Pittman and Oppenheim, 1979; Oppenheim and ChuWang, 1983; Oppenheim et al., 1989) . Later studies by Lynn Landmesser and her colleagues showed that this hyperinnervation of activity-blocked muscle could be detected at the very onset of normal PCD before any significant MN loss had occurred (Landmesser, 1992) . From this, it was postulated that inactivity-induced hyperinnervation may be the cause rather than the effect of reduced MN PCD (Oppenheim, 1989) . More specifically, it was argued that a primary action of activity blockade was increased branching and synapse formation of MN axons via the blockade of muscle nAChRs, which in turn rescued MNs by providing them with increased access (via nerve terminals) to muscle-derived neurotrophic factors [the access hypothesis (Oppenheim, 1989) ]. An alternative explanation of MN rescue by activity blockade is that muscle activity is inversely related to the synthesis (production) or release of a muscle-derived neurotrophic factor [the production hypothesis (Tanaka, 1987; Oppenheim, 1989) ]. Two independent attempts to test the production hypothesis failed to support this idea (Tanaka, 1987; Houenou et al., 1991) , whereas several lines of evidence are consistent with the access hypothesis (Tang and Landmesser, 1993; Oppenheim et al., 1997; Calderó et al., 1998; D'Costa et al., 1998) .
With the recent recognition that neurons in the CNS, including the spinal cord, express nicotinic acetylcholine receptors (nAChRs), yet another hypothesis for explaining the effects of activity blockade on MN survival has been postulated (Hory-Lee and Frank, 1995) . According to this hypothesis, MN survival after activity blockade is thought to result from the direct action of nicotinic receptor blockers such as curare and ␣-bungarotoxin (␣-BTX) on neuronal nAChRs rather than on peripheral muscle nAChRs, and neither peripheral nor central neuromuscular activity is considered to be necessary for MN survival. Rather, neuronal nAChRmediated changes in intracellular calcium levels in the soma, den-drites, or axon terminal are suggested to mediate MN survival by curare treatment (Hory-Lee and Frank, 1995; Posada and Clarke, 1999) . However, nicotinic blockers have also been shown to have differential functional effects on central versus peripheral nAChRs during the period of MN cell death (Landmesser and Szente, 1986; Milner and Landmesser, 1999; Usiak and Landmesser, 1999) , raising the additional possibility that these agents may promote MN survival by acting at both sites, to perturb neuromuscular activity. The present studies were undertaken in an attempt to examine the role of neuronal and muscle-type nAChRs in MN survival in the chick embryo during activity blockade and to determine whether activity blockade is even required in this situation.
Parts of this paper have been published previously .
MATERIALS AND METHODS
Eg gs and embr yos. Fertilized chicken eggs were obtained from Hubbard Farms (Statesville, NC) and incubated in a turning incubator at 37°C and 60% relative humidity. In addition, eggs from a cross of heterozygous carriers of the crooked neck (cn) gene were obtained from the Department of Animal Genetics (University of Connecticut) and were also incubated as described above. Homozygous cn/cn mutant embryos were identified on embryonic day 4 (E4) by the total absence of neuromuscular activity (Oppenheim et al., 1997) . Both heterozygous embryos (cn/ϩ) and homozygous wild-type embryos (ϩ/ϩ) were used as controls. After various experimental manipulations, all embryos were killed by decapitation, and their age was determined by reference to the stage series of Hamburger and Hamilton (1951) .
In ovo treatment. For treatment of embryos in vivo with neurotoxins and pharmacological agents, a window was made in the shell over the embryo on E3-E4, exposing the underlying chorioallantoic membrane (CAM) and providing a means for observing and recording motility of the embryo. E xperimental or control (saline) treatments were administered in 50 -200 l volumes onto the highly vascularized CAM. This provides an efficient, relatively noninvasive means of systemically exposing chick embryos to a variety of different agents that, because of the absence of the blood-brain barrier at the ages used here (Stewart and Wiley, 1981; Risau and Wolburg, 1990) , reach both central and peripheral sites. However, because of the presence of the yolk sac, amnion, and other extraembryonic tissues and fluids in the egg, the distribution of drugs and toxins in the avian egg is complex and temporally dynamic, making it difficult to estimate how much of these agents actually reach the appropriate receptors in the embryo. Between observations (or injections) the window in the shell was sealed with Parafilm, and the eggs were returned to the incubator. The following agents were used for in vivo studies: D-tubocurarine (curare), ␣-BTX, and decamethonium (Sigma, St. L ouis, MO); methyllycaconitine citrate (ML A) and dihydro-␤-erythroidine hydrobromide (DH␤E) (Research Biochemicals, Natick, M A); and the snail ␣ and ␣A conotoxins EIVA, IM I, M I, GI, AuI B, and M II (provided by J. Michael McIntosh). Embryos were treated once or twice daily with these agents beginning on E5 or E6. The doses used for each agent are provided in the appropriate table and figure legends. The doses of curare, ␣-BTX, and decamethonium used here are based on previous studies in which motility and M N survival were assessed Oppenheim, 1978, 1979; Oppenheim and ChuWang, 1983) . The doses of all the other agents used here were based on published doses used to study mammalian nerve -muscle and nerve activity (Johnson et al., 1995; C artier et al., 1996; Jacobsen et al., 1997; L uo et al., 1998) .
Neuromuscular activit y. The neurally mediated movements (motility) of the embryos were recorded blind as to treatment once or several times daily for 5 min as described previously (Oppenheim, 1975) . Briefly, all movements of the embryo were counted with a hand counter while the embryo was observed through the window in the shell using a binocular microscope at 5ϫ with the egg in a temperature-and humidity-controlled chamber.
Histolog y and cell counts. Embryos were killed and staged, and the thoracolumbar region was placed in C arnoy's fixative, processed, embedded in paraffin, serially sectioned (10 -12 m), and stained with thionin. All M Ns in every 10th section through the entire lumbar enlargement were counted blind at 400ϫ, and the totals were multiplied by 10 as an estimate of the total number of lumbar M Ns. The criteria used for counting M Ns have been described previously (C larke and Oppenheim, 1995) and shown to provide a valid and reliable means for accurately assessing M N numbers. In a few of the embryos (curare, ␣-BTX, and control; n ϭ 3 per group) M Ns were counted separately in each of the eight lumbar segments using the adjacent dorsal root ganglion as a means of segment identity. Finally, to assess directly the effects of paralytic and nonparalytic doses of curare and ␣-BTX on PCD, we counted the number of degenerating (pyknotic) M Ns on E7.5, a time of peak M N loss.
A xonal branching and synaptogenesis. The number of axonal branches and synapses was assessed blind in whole mounts of two hindlimb muscles, the iliofibularis and the posterior iliotibialis, on E9 according to methods described previously in detail (Dahm and Landmesser, 1991; Oppenheim et al., 1997) . Nerves and nerve branches were visualized immunocytochemically using an anti-␤-tubulin monoclonal antibody T uJ1 (a gift from A. Frankf urter), and neuromuscular synapses were defined as sites of colocalization of immunolabeling for SV2, a presynaptic vesicle monoclonal antibody (a gift from K . Buckley), with postsynaptic AChR clusters that were visualized with rhodamine-labeled ␣-BTX (Molecular Probes, Eugene, OR).
RESULTS

Motility after treatment with curare or ␣-BTX
In a recent study examining the effects of curare and ␣-BTX on motility and MN survival, it was reported that doses of these agents that failed to reduce motility (so-called "nonparalytic" doses) nonetheless promoted MN survival (Hory-Lee and Frank, 1995) . From this, it was argued that neither neuromuscular blockade nor inhibition of CNS activity was required for MN rescue by these agents. However, because at most of the ages examined by these authors motility was only assessed once each day, ϳ23 hr after each daily drug treatment, it is conceivable that these embryos may have exhibited reduced motility during the 20ϩ hr before each recording. To examine this, we recorded motility at 2, 6, 12, and 23 hr after each daily drug treatment on E5-E10. Using curare doses similar to those used by Hory-Lee and Frank (1995), we were able to confirm that their nonparalytic doses failed to reduce motility levels when embryos were recorded 23 hr after treatment ( Fig. 1) . However, when examined at earlier time points each day, all of the nonparalytic doses used in their study were found to reduce motility significantly for 6 -12 hr or longer after each drug administration. We refer to these as "subparalytic" doses. Similar results were obtained using ␣-BTX (data not shown) in which the highest dose (100%) was 100 g on E5-E7, 75 g on E8 and E9, and 50 g on E10 and the lowest (truly nonparalytic) doses were 0.6 and 0.3% of the highest (100%) dose. Only by reducing the doses of curare or ␣-BTX lower than the lowest dose that was used by Hory-Lee and Frank (1995) were we able to obtain a truly nonparalytic dose that failed to reduce motility at any time point examined (Fig. 1) . From these data, it is clear that only by assessing motility at several time points, not just at 23 hr after treatment, is it possible to identify accurately a bona fide nonparalytic dose of curare or ␣-BTX. Finally, the remaining movements in the paralyzed embryos, although in some instances of slightly lower amplitude, were nonetheless qualitatively similar to the movements of control embryos.
Motoneuron survival after treatment with curare or ␣-BTX
Treatment of embryos with doses of curare that reduced motility for some or all of the 24 hr period each day from E5 to E10 resulted in a dose-dependent rescue of MNs from naturally occurring cell death (Figs. 2, 3) . By contrast, doses that were without any effect on motility failed to rescue MNs. This was true for each of the eight lumbar segments, including L4, the one segment in which MN counts were assessed by Hory-Lee and Frank (1995) (data not shown). Similar results were obtained with ␣-BTX (data not shown). Therefore, we were unable to confirm their report that nonparalytic doses of these agents rescue MNs to the same extent as paralytic doses. In fact, we found that subparalytic doses that only reduced motility for 6 -12 hr each day can still rescue MNs, although to a lesser extent than did completely paralytic doses. Furthermore, the number of degenerating (pyknotic) MNs on E7.5 was reduced in a dose-dependent manner by paralytic but not by nonparalytic doses of curare or ␣-BTX [control (mean Ϯ SD; per 1000 healthy MNs), 23 Ϯ 3.5 (n ϭ 4); 100% ␣-BTX, 6.1 Ϯ 2.0 (n ϭ 4); 10% ␣-BTX, 13 Ϯ 3.8 (n ϭ 4); 0.6% ␣-BTX, 26.2 Ϯ 5.6 (n ϭ 4); control vs 100%, p Ͻ 0.001; control vs 10%, p Ͻ 0.01]. From these data we conclude that paralytic and subparalytic doses of nicotinicblocking agents increase MN numbers by preventing cell degeneration and that reduced motility is correlated with the promotion of MN survival by these agents.
The chicken mutant cn/cn has a defect in the muscle-specific ␣-ryanodine (␣-RyR) gene, resulting in the absence of excitationcontraction coupling, and these animals exhibit complete paralysis during embryogenesis. The ␣-RyR acts as a sarcoplasm reticulumspecific calcium release channel receptor that is only present in skeletal muscle. Similar to embryos paralyzed by curare or ␣-BTX, cn/cn embryos exhibit increased MN survival (Oppenheim et al., 1997) . However, despite the apparent total paralysis, MN survival is 15-20% less in cn/cn embryos than in control (nonmutant) curare-or ␣-BTX-treated embryos. Therefore, we examined whether curare or ␣-BTX treatment would further increase MN survival in cn/cn embryos. In fact, both agents were able to promote MN survival further by ϳ20% (Fig. 4 ; curare data not shown).
Although the most plausible interpretation of this finding is that the additional rescue effect of curare and ␣-BTX is mediated centrally via neuronal nAChRs, other possibilities cannot be excluded (see Discussion).
Intramuscular nerve branching and synaptogenesis after activity blockade
Several previous studies have reported that chronic treatment of chick embryos with curare between E5 and E10 results in increased muscle innervation as assessed by nerve branching and synapse Figure 1 . Neuromuscular activity (motility) expressed as movements per minute (mean Ϯ SD) at different times (2, 6, 12, and 23 hr) after daily administration of curare from E5 to E10. The doses (1-4; 100 -0.3%) are relative to the highest paralytic dose used (100%). The actual 100% doses used were 2 mg on E5-E7, 3 mg on E8 and E9, and 4 mg on E10. Sample size (number of embryos) ϭ 10 -15 per condition. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 (vs control; t tests with Bonferroni correction). CON (C), Control.
formation (Pittman and Oppenheim, 1979; Oppenheim and ChuWang, 1983; Oppenheim et al., 1989; Dahm and Landmesser, 1991; Fournier LeRay et al., 1993; D'Costa et al., 1998; Usiak and Landmesser, 1999) . Because these changes occur at the very onset of the normal cell death period Landmesser, 1988, 1991) , it was postulated that they are likely to be the cause rather than the effect of the increased MN survival (Oppenheim, 1989; Landmesser, 1992) . By contrast, in the study by Hory-Lee and Frank (1995), they report that MN survival after treatment with curare or ␣-BTX is quantitatively unrelated to nerve branching.
Because we have failed to confirm the report of Hory-Lee and Frank (1995) regarding the effects of nonparalytic doses of curare and ␣-BTX on motility and MN survival, we believed it was important also to examine axon branching and synaptogenesis after treatment with paralytic, subparalytic, and nonparalytic doses of these agents. As summarized in Figure 5 , we found that paralytic and subparalytic doses of curare, even doses that only partially reduce motility, increased branching and synapse formation in two hindlimb muscles on E9, whereas nonparalytic doses were without effect on either measure. Similar results were obtained with ␣-BTX (data not shown). These data are consistent with the suggestion that intramuscular nerve branching and synapse formation may be causally related to the increased MN survival after treatment with curare or ␣-BTX.
Motility and MN survival after treatment with other nicotinic-blocking agents
As described in more detail below, nAChRs are known to be expressed on neurons in the CNS (Sargent, 1993; Role and Berg, 1996; Lindstrom, 1997) . Furthermore, both curare and ␣-BTX can bind to nAChRs in the chicken CNS (Renshaw et al., 1993) and perturb the physiological activity of MNs (Landmesser and Szente, 1986; Milner and Landmesser, 1999; Usiak and Landmesser, 1999) . Collectively, these data raise the possibility that the effects of nicotinic-blocking agents such as curare and ␣-BTX in promoting MN survival in ovo may be at least partly via their actions on neuronal and not on muscle nAChRs. The experiment involving cn/cn embryos (see above) could also be interpreted as being consistent with this possibility.
To examine this, we have used a number of drugs and toxins that at the appropriate dose act as antagonists of specific nAChR subunits expressed in either muscle or neurons. These agents and their subunit specificity include the following: MLA (␣7), decamethonium (Dec; ␣1), IMI (␣7 and ␣9), MI (␣1), GI (␣1), MII (␣3␤2), EIVA (␣1), AuIB (␣3␤4), and DH␤E (␣4␤2 more than other subtypes).
As summarized in Table 1 , with the exception of DH␤E and AuIB, only those agents with specificity for the ␣1 muscle-type subunit nAChR rescued MNs, whereas the other agents were ineffective. Furthermore, combined treatment with EIVA (␣1; muscle-type antagonist) and MLA (␣7; neuronal-type antagonist) was no more effective than treatment with EIVA alone in promoting MN survival. This suggests that the simultaneous blockade of both muscle-and neuronal (at least ␣7)-type nAChRs is not required for promoting MN survival. Additionally, only those agents that rescued MNs also significantly reduced motility levels on E7-E10 (Table 1) and increased axonal branching (data not shown). Treatment with the highest dose of both DH␤E (100 M) and AuIB (250 M) reduced motility by 20 -30% on E7-E10 but had only a modest rescue effect compared with subparalytic doses of curare or ␣-BTX that reduced motility to approximately the same extent (see Fig. 3 ). In contrast, with lower doses, neither DH␤E (100 -200 nM) nor AuIB (0.5 M) had an effect on motility or MN numbers (data not shown). The effective dose of decamethonium used here was approximately double the amount used in a previous study in which no rescue effect was observed . Collectively, these results are consistent with the argument that the rescue of MNs by nicotinic-blocking agents is mediated primarily by the inhibition of muscle-type nAChRs. Even combined treatment with antagonists that act on both muscle-and neuronal-type receptors (␣1 and ␣7) was no more effective than treatment with muscle-type antagonists alone.
DISCUSSION Neuromuscular activity, MN survival, and muscle innervation
Since our first report Ͼ20 years ago (Pittman and Oppenheim, 1978) , a number of laboratories have independently confirmed our original observation that reductions in neuromuscular activity, after treatment with exogenous nicotine receptor-blocking agents applied during, but not before or after, the period of MN PCD, prevent the normal degeneration of these cells (Oppenheim, 1987; Landmesser, 1992) . Because the excess rescued MNs die a delayed death after treatment is stopped and neuromuscular activity recovers and because experimentally induced hyperactivity of muscle (i.e., direct electrical stimulation of hindlimb musculature) increases the rate of PCD (Oppenheim and Nunéz, 1982) , it has generally been assumed that neuromuscular (or muscle) activity is a critical factor in these studies and that such activity is inversely related to MN survival. Independent evidence consistent with this assumption is available from chicken and mouse paralytic genetic mutants in which muscle activity per se is absent, because of defects in excitation-contraction coupling, but MN activity centrally is normal. These embryos also exhibit increased MN survival and hyperinnervation (e.g., increased intramuscular axon branching) of muscle (Oppenheim et al., 1986 (Oppenheim et al., , 1997 . Taken together, these various lines of evidence have led to the suggestion that muscle activity plays an important role in regulating normal MN survival and that treatment of embryos with nicotinic-blocking agents promotes survival by perturbing muscle activity, via their blockade of muscle nAChRs. This conclusion was called into question by the recent report that MN survival and muscle innervation are apparently unrelated to changes in neuromuscular activity after treatment with nicotinicblocking agents (Hory-Lee and Frank, 1995) . In the experiments reported here, however, we have been unsuccessful in repeating the findings of Hory- Lee and Frank (1995) . We find that doses of curare or ␣-BTX reported by them to be nonparalytic, in fact, significantly reduced neuromuscular activity for several hours each day. Although the partial rescue of MNs by activity blockade that lasts only for several hours each day (subparalytic) is unexpected, our assay for activity (motility) is crude, and it is possible that more subtle physiological changes may persist for even longer and affect nerve branching, synapse formation, and MN survival (see Usiak and Landmesser, 1999) .
In searching for an explanation for the discrepancy between these data and those of Hory-Lee and Frank (1995), we have considered several possibilities. First, Hory- Lee and Frank (1995) only counted MNs in the L4 segment of the spinal cord, whereas we have included MNs in all (L1-L8) lumbar segments. However, we find the same results (i.e., no increase in MN survival with nonparalytic doses of curare or ␣-BTX) in each of the eight lumbar segments, including L4. Although it is also possible that the method of motility recording, the strain of chickens used, drug/toxin sources, etc., differed in the two studies, in the final analysis none of these potential differences can account for the fact that, in contrast to Hory-Lee and Frank, we find (1) that bona fide nonparalytic doses of curare or ␣-BTX fail to promote MN survival or (2) that paralytic or subparalytic doses promote survival and increase branching in a dose-dependent manner.
One significant difference between the two studies is the timing of motility recordings after drug treatment each day. With the exception of one age (E9), out of the 7 d of treatment, Hory-Lee and Frank only report recording motility once each day, ϳ20 hr after drug administration. Although they failed to observe a decrease in motility 2 hr after treatment with a nonparalytic dose on E9, by not recording motility more often each day they may have nonetheless missed the transient reductions in motility at other ages that we have found to begin reliably within ϳ2 hr after treatment and to continue for 6 -12 hr or longer depending on the dose and embryonic age. Only by using doses one to two orders of magnitude lower than the lowest dose used by them were we able to identify truly nonparalytic doses at all recording times. Interestingly, these investigators have now independently confirmed that subparalytic doses of curare do, in fact, reduce motility and rescue MNs in a dose-dependent manner (P. Pugh and E. Frank, personal communication) . From these data, we conclude that there is a dose-dependent relationship between MN survival, muscle innervation, and neuromuscular activity and that bona fide nonparalytic doses of the nicotinic-blocking agents curare and ␣-BTX are ineffective in promoting MN survival or muscle innervation in the chick embryo.
Muscle-and neuronal-type nAChRs and MN survival
Despite our failure to replicate the effects of nonparalytic doses of curare or ␣-BTX reported by Hory- Lee and Frank (1995) , this failure does not exclude the possibility that these agents may nonetheless rescue MNs by acting via neuronal nAChRs on the cell body, dendrites, and axon or presynaptically at the MN terminal (Posada and Clarke, 1999) . Neuronal nAChRs are known to exist in the developing avian and human CNS (Role and Berg, 1996; Lindstrom, 1997; Hellstrom-Lindahl et al., 1998; Kaneko et al., 1998) , and previous binding studies using radiolabeled nAChR ligands report significant binding in the chick embryo and human fetal spinal cord (Renshaw et al., 1993; Renshaw, 1994; HellstromLindahl et al., 1998) . Nine of the 10 vertebrate genes encoding neuronal AChR subunits (␣2-␣7 and ␤2-␤4) have been isolated from chick brain (Role and Berg, 1996) , and using reverse transcription-PCR and immunocytochemistry, we have confirmed the expression of several neuronal-type nAChR subunits in developing chick spinal cord (Keiger et al., 1998) .
Both curare and ␣-BTX have access to the embryonic CNS and have been shown to perturb directly spinal MN electrical activity in vivo (Landmesser and Szente, 1986; Usiak and Landmesser, 1999) . These results raise the possibility that nicotinic-blocking agents may rescue MNs from cell death in vivo by perturbing nAChRmediated spinal cord circuits that drive MN activity. Although depolarization can promote the survival of dissociated avian and mammalian MNs in vitro (Lloyd et al., 1994; Hanson et al., 1998; Soler et al., 1998) , cultured MNs can nonetheless survive in the presence of muscle extract (MEX) without depolarization. Furthermore, increasing the amount of synaptic activity (and depolarization) in ovo by direct chronic spinal cord electrical stimulation during the period of cell death does not affect MN survival (Fournier LeRay et al., 1993) . Nicotinic-blocking agents also fail to promote the survival of cultured MNs (Hory- Lee and Frank, 1995; Oppenheim et al., 1996) and are unable to prevent MN death in ovo in the absence of peripheral muscle targets (Pittman and Oppenheim, 1979; Hory-Lee and Frank, 1995; Calderó et al., 1998) . These data argue strongly against the role of intrinsic spinal cord activity, per se, or blockade of neuronal nAChRs alone in regulating MN survival in the chick embryo.
In a further attempt to address the issue of central versus peripheral actions of nicotinic-blocking agents, we have used a number of nAChR-specific antagonists that at the appropriate doses are selective for either muscle-or neuronal-type nAChR subunits (Johnson et al., 1995; Cartier et al., 1996; Jacobsen et al., 1997; Luo et al., 1998) . The results clearly indicate that with the exception of DH␤E and AuIB, only those agents selective for the muscle-type ␣1 nAChR subunit (i.e., MI, GI, EIVA, and decamethonium), but not those specific for the neuronal-type ␣7 (MLA and IMI), ␣9 (IMI), or ␣3␤2 (MII) nAChR subunits, reduce motility and promote MN survival in vivo. Additionally, the absence of the predominant ␣-BTX-binding neuronal ␣7 subunit in mice after genetic deletion (Orr-Urtreger et al., 1997) is reported to be without effect on MN survival (E. Frank, personal communication), and spinal cord development also occurs normally in mice deficient in the neuronal ␣3 subunit (Xu et al., 1999) . The effects of DH␤E and AuIB on MN survival are potentially interesting and suggest that neuronal nAChRs of the ␣4␤2 or ␣3␤4 subtype could be involved in the rescue effects of curare. After ␣7-type receptors, the ␣4␤2-type receptor is the second most abundant neuronal nAChR in developing chicken brain (Conroy and Berg, 1998) . However, because the ␣4 subunit is also expressed in chick embryo skeletal muscle (␤2 has not been examined) (Corriveau et al., 1995) and because the rescue of MNs by DH␤E only occurred at high doses that were subparalytic (i.e., lower doses, 100 -200 nM, did not affect motility or rescue MNs), it is possible that DH␤E is acting nonspecifically or even directly on muscle nAChRs. Similarly, doses of AuIB that rescued MNs (250 M) were also subparalytic, whereas lower doses (0.5 M) failed to rescue MNs or affect motility; and similar to the ␣4 subunit, the ␤4 subunit is also expressed in chick embryo muscle (Corriveau et al., 1995) . Blockade of either ␤2 or ␣3 by the ␣3␤2-specific snail cone antagonist (MII) also did not rescue MNs in ovo. In view of all of the other evidence presented here in support of the role of muscletype nAChRs in rescuing MNs after activity blockade, we favor the idea that the effects of high doses of DH␤E and AuIB likely reflect a peripheral site of action. Although we have attempted to exclude the involvement of many of the other most plausible neuronal nAChR subunits, including ␣7, in mediating the in vivo effects of curare and ␣-BTX on MN survival, it remains a possibility that one or more of the neuronal subunits not examined by us (e.g., ␣2, ␣6, or ␣5) could mediate survival by a central site of action (Zoli et al., 1995) . Additionally, although we have used doses of the various antagonists that are reported to exhibit specificity for particular neuronal-or muscle-type nAChR subtypes (Johnson et al., 1995; Cartier et al., 1996; Jacobsen et al., 1997; Luo et al., 1998) , these doses have been primarily established on the basis of studies of mammalian cells and therefore may in some cases have less specificity for avian receptors. In a recent study, Usiak and Landmesser (1999) have reported that in ovo treatment with the GABA A receptor agonist muscimol indirectly blocks neuromuscular activity (motility) by suppressing MN activity centrally but fails to rescue MNs. Furthermore, in agreement with our present results, they find that paralytic and subparalytic doses of curare promote MN survival and increase intramuscular nerve branching. An interesting and novel finding in their study was that curare directly blocked the neuromuscular junction peripherally but at some stages also increased the spontaneous bursting activity of MNs centrally, whereas muscimol only indirectly blocked neuromuscular activity by suppressing spontaneous MN activity centrally. When administered together with curare, muscimol was reported to block the rescue effects of curare and also to reduce curare's effects on intramuscular nerve branching. From these results, Usiak and Landmesser (1999) postulate that target (muscle) inactivity needs to be coupled with active MNs to prevent cell death. Although differing in some important respects from the proposal of Hory- Lee and Frank (1995) , their scheme is similar in that central effects of nicotinic-blocking agents are thought to be required for the rescue of MNs. In a beginning attempt to examine this idea further, we first attempted to replicate the effects of muscimol reported by Usiak and Landmesser (1999) . In contrast to their report, however, we find that muscimol promotes MN survival to the same extent as curare and that muscimol potentiates rather than blocks the effects of curare on MN survival (Ayala et al., 2000) .
If the activation of MNs by curare during the cell death period is critical for promoting MN survival, then direct electrical stimulation of the spinal cord of curare-treated embryos might be expected to promote MN survival further, but as we have reported previously (Fournier LeRay et al., 1993) , it does not. These findings seem to be inconsistent with the idea that only active MNs can respond, or that they respond better, to survival signals (e.g., trophic factors) associated with neuromuscular blockade. Finally, our observation that treatment with MEX rescues the same number of MNs in vivo regardless of the presence or absence of curare (Calderó et al., 1998 ) also seems inconsistent with the prediction of Usiak and Landmesser (1999) that active MNs are more responsive to trophic factors.
The chicken paralytic mutant cn provides one possible way to help distinguish between the role of muscle versus neuronal nAChRs. Because the genetic mutation in these animals involving the loss of the ␣-RyR calcium channel receptor and a failure of excitation-contraction coupling is expressed only in skeletal muscle and not in the spinal cord (Oppenheim et al., 1997) , the paralysis-related increase in MN survival would seem not to be caused by a defect in neuronal calcium channels or by a central perturbation of MN activity but rather to be caused by the absence of muscle activity, per se. However, because we have found here that the significant (but not total) rescue of MNs in this mutant can be further increased by treatment with curare or ␣-BTX, it is possible that this additional rescue effect is mediated by these agents acting centrally on neuronal nAChRs. An alternative explanation for the effects of curare or ␣-BTX on the mutant embryos is that treatment with these nicotinic-blocking agents can somehow act to increase MN survival further via a peripheral action on muscle-specific nAChRs in the cn mutant without having any obvious effects on motility or muscle activity in these already totally paralyzed embryos. For example, the CNS-mediated physiological effects of curare or ␣-BTX in suppressing MN activity during most of the cell death period, as reported by Landmesser and Szente (1986) and Usiak and Landmesser (1999) , may reduce the activation of muscle nAChRs by impairing the "spontaneous" release of acetylcholine from MN terminals, thereby affecting signal transduction and nerve-muscle interactions. Admittedly, however, we have no evidence that nicotinic-blocking agents can promote MN survival in this way in the mutant embryos. It is also possible that the mechanisms that mediate increased MN survival in curaretreated nonmutant embryos are fundamentally different from the actions of curare in the cn mutant.
In summary, we tend to favor the idea that the increased MN survival after curare or ␣-BTX treatment in vivo is caused by reduced muscle activity that is mediated by the blockade of muscletype nAChRs, resulting in increased access of MNs to musclederived or (peripheral nerve-derived) trophic agents according to the access hypothesis (Oppenheim, 1989; Landmesser, 1992; D'Costa et al., 1998) . However, some of our own evidence presented here (e.g., the increased rescue of MNs by curare in the cn mutant and the effects of high doses of DH␤E and AuIB) are also consistent with the possibility that a central action of nicotinicblocking agents may play at least a contributory role in the rescue of MNs. Although further studies will be necessary to resolve this issue, it is now quite clear that activity, whether in the form of muscle contractions, MN activity, or both, is fundamentally involved in the regulation of MN survival during development (Pittman and Oppenheim, 1978; Usiak and Landmesser, 1999 ) (present results). Accordingly, previous claims to the contrary (Hory-Lee and Frank, 1995) are not correct.
